Abstract-Renal failure was produced in rats by unilateral clamping of the left renal artery for 60 min, followed by reperfusion and contralateral nephrectomy.
Abstract-Renal failure was produced in rats by unilateral clamping of the left renal artery for 60 min, followed by reperfusion and contralateral nephrectomy. Prophylactic administrations of benidipine (10, 30 ug/kg, i.v.) significantly ameliorated the development of renal failure as estimated by histological examination as well as by the measurements of serum creatinine and blood urea nitrogen. ATP content of the ischemic kidney dropped immediately after renal ischemia, and this decline persisted for more than 48 hr after reperfusion.
The content of lipid peroxide in the kidney was increased 15 min after reperfusion following renal ischemia. Calcium content of the kidney progressively increased after reperfusion and reached the peak level 24 hr after reperfusion, whereas calcium content scarecely changed during 60 min of renal ischemia.
The decline of ATP, the lipid peroxidation, and the increase in calcium content of the kidney observed after reperfusion were sig nificantly inhibited by pretreatment of the rats with benidipine (30 ug/kg, i.v.). These results suggest that lipid peroxidation and Ca-overload play causative roles in the pathogenesis of acute ischemic renal failure and that benidipine protects the ischemic kidney by inhibiting these deteriorating consequences.
Burke and Shrier (1) have shown that in creased cytosolic calcium is critically im portant in the development of cellular necrosis with subsequent tubular obstruction in isch emic acute renal failure. On the other hand, there have been some reports that the pro duction of oxygen free radicals is involved in the development of ischemic renal failure (2) (3) (4) .
It has recently been shown that calcium antagonists have ameliorating effects on renal function in various animal models of acute renal failures (5) (6) (7) .
Clinically, dil tiazem has been reported to be beneficial in kidney transplantation (8) , where donor kidneys are inevitably subjected to ischemia and reperfusion.
Benidipine (hydrochloride, KW-3049) is a newly-developed 1,4-dihy dropyridine calcium antagonist, which has been characterized by vasculoselective and long-lasting effects in vivo as well as in vitro (9, 10). The preliminary results (11) have shown that benidipine has beneficial effects on acute ischemic renal failure in rats. The present study was undertaken to investigate the pathogenesis of acute ischemic renal failure and the mechanism whereby benidi pine protects the ischemic kidney with special reference to the tissue contents of calcium and lipid peroxide in the ischemic kidney.
Materials and Methods
General procedure: Male Wistar rats weigh ing 220-300 g were used for the experiments. All animals had free access to standard rat chow and water. After sodium pentobarbital anesthesia (60 mg/kg, i.p.), the left kidney was exposed by a flank incision, and the renal pedicle was freed from perirenal fat. Tem porary renal ischemia was induced by clamp ing of the vascular pedicle with a hemostat for 60 min. Immediately after reperfusion, the opposite (right) kidney was removed. After wards, the incisions were closed, and the animal was allowed to recover from anes thesia. Rats undergoing sham surgery had the left renal pedicle isolated from perirenal fat but was not clamped, and had the right kidney removed. Drugs or vehicles were injected to the tail vein 5 min prior to the insult of renal ischemia. At fixed times after reperfusion, blood samples were obtained from the ab dominal aorta under ether anesthesia for the measurements of serum creatinine (sCR) and blood urea nitrogen (BUN).
Histological examination: The left kidney, subjected to ischemia and reperfusion or sham-surgery, was removed and fixed in 10% formalin for histological examinations. The kidney was stepwise dehydrated and fixed by immersing the tissue into low to high concen trations of alcohol. Thereafter, the tissue was embedded in paraffin and cut into 2-,um thick sections. The sections were stained with hematoxilin and eosin, and renal damage was determined.
Tissue ATP content: In one group of animals, the effect of ischemia and reperfusion on the content of ATP was examined. At fixed times during ischemia or after reper fusion, the kidney was frozen in situ using an aluminum clamp precooled for several minutes in liquid nitrogen. The whole kidney was homogenized in 4 ml of ice-cold 6% per chloric acid, and the homogenate was cen trifuged at 18000xg and 0°C for 15 min. The supernatant was assayed for ATP according to the previously described method (12) , and the precipitate was assayed for protein con centration according to the method of Lowry et al. (13) . The concentration of ATP was ex pressed as nmoles/mg protein.
Lipid peroxidation: With a slight modifica tion of the method described by Paller et al. (3) , the effect of ischemia and reperfusion on lipid peroxidation was evaluated in another group of animals. The lipid peroxide mal ondialdehyde (MDA) was measured as a marker for lipid peroxidation by the method of Ohkawa et al. (14) . Kidneys were rapidly removed and placed in ice-cold phosphate buffered saline (PBS) (pH 7.4) containing 10 mM EDTA. Whole kidneys were homogenized in 10 ml (final volume) of PBS containing 10 mM EDTA at 0°C with a Teflon-glass ho mogenizer. In other studies, the renal cortex and medulla were separated, and each was homogenized in a total volume of 3 ml of PBS containing 10 mM EDTA. In the experiment on the peroxidation of the mitochondrial membrane of the renal cortex, the renal corti cal homogenate was centrifuged at 600 x g for 10 min, and then the supernatant was centrifuged at 4800 x g for 15 min. The mitochondria-enriched pellet was resus pended in PBS containing 10 mM EDTA. A 300-ul aliquot of the homogenate was added to 0.3 ml of 8.1% sodium dodecyl sulfate, 1.5 ml of 20% acetic acid, 1.5 ml of 0.8% aqueous solution of thiobarbituric acid (TBA) and 1 ml water. The solution was heated at 100°C for 60 min. After the addition of 1.0 ml water and 4.0 ml of n-butanol/pyridine mixture (15:1 vol./vol.), the mixture was vigorously shaken and centrifuged at 200xg for 15 min. The absorbance of the upper organic layer at 532 nm determined spectrophotometrically, and the tissue content of lipid peroxide was estimated using M DA (1,1,3,3-tetraethoxy propane, Wako Pure Chemical Industries) as the standard. The values were corrected for protein content determined by the method of Lowry et al. (13) . All assays were performed immediately after the removal of kidneys .
Tissue calcium content: Under anesthesia with pentobarbital sodium (60 mg/kg, i.p.), the kidney was perfused in situ with lantha num buffer (80.8 mM LaCI, 20 mM Tris-HCI , pH 7.4) via the aorta. The kidney was re moved from the rat and then washed in lan thanum buffer for 10 min. The kidney was dried at 100°C for 12 hr to obtain the dry weight. The dried specimen was decomposed by heating in a mixture of HNO3 and HCIO4 and evaporated to dryness. The residue was suspended in a solution of 50 mM HCI con taining 10 mM lanthanum. The calcium con tent was determined by atomic absorption spectrophotometry (Z-6100, Hitachi) and corrected for dry weight.
Drugs used: Benidipine (hydrochloride , KW-3049), nifedipine, nitrendipine and CV 3611, a free radical scavenger (15) , were synthesized in our laboratories. Drugs were initially solubilized with saline containing 5% Tween-80 and diluted with saline to an ap propriate concentration so that the volume by intravenous administration could be 0.1 ml/100 g of body weight. Statistical method: Values are expressed as the mean±S.E. Determination of significant difference was carried out by analysis of variance (ANOVA) followed by Duncan's test or the Kruskal-Wallis test followed by a Scheffe-type test.
Results
Serum creatinine and blood urea nitrogen: Twenty-four hours after the ischemic insult, the serum creatinine (sCR) and blood urea nitrogen (BUN) values in the vehicle-treated rats were 3.4-4.2 mg/dl and 88-95 mg/dl, respectively, these values being significantly different from those in sham-operated rats in which the corresponding values were 0.8-1.1 mg/dl and 22-26 mg/dl, respectively.
Rats given 10 or 30 ug/kg (i.v.) of benidi pine prior to the renal clamping had lower sCR and BUN as compared with the vehicle treated rats (Table 1) . While 300 ug/kg (i.v.) of nitrendipine significantly ameliorated the renal failure, 30 ug/kg (i.v.) was ineffective ( Table 2 ). Nifedipine (300 /,,g/kg, i.v.) (Table  3) and CV-3611, a free-radical scavenger, (10 mg/kg, i.v.) (Table 4) tended to prevent the elevations of sCR and BUN, although the effects were not statistically significant. Figure 1 shows the effects of 30 ,ug/kg of benidipine on the time-course of changes in sCR and BUN following renal ischemia and reperfusion.
Benidipine significantly pre vented the elevations of sCR and BUN from 24 to 96 hours after the renal ischemia.
Histological studies: In rats following the ischemic insult, the basic histological abnor malities were tubular degeneration with cast and congestion.
The most severe renal damage was observed 48 hour after the in duction of renal failure, which corresponded with the levels of sCR and BUN. The protec tive effects of benidipine against the ischemic insult were also demonstrated by the his tological examinations (Figs. 2 and 3 ). Renal ATP content: The ATP content de creased immediately after the renal ischemia; and at 60 min after the ischemia, it dropped by about 95%. The decrease of ATP by 75 to 80% persisted 1 5 to 120 min after the reperfusion of the ischemic kidney (Fig. 4) . Even at 24 and 48 hours after the reperfusion, the content of ATP was decreased by 40% and 25%, re spectively (Table 5) . Although benidipine (30 dig/kg, i.v.) did not affect the decline of ATP during the ischemic period, it signifi cantly prevented the decline of ATP ob served after reperfusion of the ischemic kidney.
Lipid peroxidation: At 60 min after the renal ischemia, the content of MDA was 0.87±0.05 nmoles/mg protein (n=6), which was not significantly different in comparison with the corresponding value of 0.78±0.04 nmoles/ mg protein (n=8) in the normal kidney. Whereas at 1 5 min after the reperfusion, the content of MDA significantly increased to 1.39±0.09 nmoles/mg protein (n=8), at 6C min after the reperfusion, the content re covered to 0.96±0.07 nmoles/mg protein (n=6), which was not significantly different in comparison to that of normal kidney. Figure 5 shows the effect of benidipine (3C gig/kg) on the content of MDA in the control period, at 60 min after ischemia and at 15 min after the reperfusion. While benidipine did not affect the content of MDA in the kidney subjected to 60 min of ischemia, it signifi cantly prevented the increase in M DA ob served at 15 min after reperfusion.
In order to determine at which part of the ischemic kidney benidipine prevents the lipid peroxidation observed 15 min after the re perfusion, the content of M DA was separately determined in the renal cortex, cortex mito chondria and renal medulla. In the vehicle treated rats, the most prominent increase in MDA was observed in the renal medulla (Fig.  6) . In every part of the ischemic kidney presently examined, benidipine significantly prevented the increase in MDA observed at 15 min after the reperfusion.
Renal calcium content: While calcium con tent in the kidneys of vehicle-treated rats did not change at 60 min after renal ischemia, calcium content progressively increased after the reperfusion and almost tripled at 60 min after the reperfusion (Fig. 7) . Calcium content was about 50 times and 25 times that of the normal kidney at 24 hour and 48 hour after the reperfusion, respectively (Table 6 ). While benidipine did not affect the calcium content at 60 min after renal ischemia, benidipine in hibited the increase in calcium content from 15 min to 48 hour after the reperfusion. 
Discussion
In the myocardium, ischemia has been shown to disturb the mechanisms that main tain normal intracellular calcium ion concen tration, leading to increased cytosolic calcium as well as mitochondrial calcium overload. A rise in cytosolic free calcium has been postu lated to be the cause of irreversible cell in jury in ischemia (16, 17) , and many studies have shown that calcium antagonists in cluding benidipine have beneficial effects on the ischemic myocardium (12, 18, 19) . In the kidney, similar ischemic changes have also been found (1, 6) , and many investigators have paid attention to the effects of calcium antagonists on the ischemic renal damage.
In acute ischemic renal failure models by renal pedicle clamping, verapamil (5), nisol dipine (6) and nitrendipine (7) have been shown to be effective in preventing post ischemic changes such as decreases in crea tinine clearance and increases in sCR and BUN. The conclusions of these studies are that when given prior to an ischemic insult, calcium antagonists are effective, but not when given after ischemic injury. Therefore, in this study, benidipine was given prophy lactically.
I n the present study on acute ischemic renal failure, it was demonstrated that benidi pine (10, 30 /cg/kg, i.v.) significantly pre vented the renal damage as estimated by histological examinations as well as by the measurements of sCR and BUN. On the other hand, nifedipine (300 /tg/kg, i.v.) and nitren dipine (30 pig/kg, i.v.) did not show any beneficial effects, although a higher dose of nitrendipine (300 iig/kg, i.v.) significantly prevented the ischemic changes. Rose et al. (7) have reported that nitrendipine signifi cantly inhibits increases in sCR and BUN at 1 mg/kg, i.v. These results indicate that benidipine is more potent than nifedipine and nitrendipine in preventing ischemic renal damages. This high potency of benidipine is well in accordance with its highly potent antihypertensive effects in rats (20) . The present results clearly indicate that renal calcium content progressively increases from immediately after the reperfusion of ischemic kidney and achieved the peak level 24 hour after the reperfusion. On the other hand, during the ischemic period, renal cal cium content scarcely changed in spite of the intense depletion of ATP. These results sug gest that severe and substantial calcium overload into renal tissues takes place after the reperfusion of the ischemic kidney rather than during the ischemic period when ATP content subtotally declined. However, there remains the possibility that cytosolic ionized calcium might be elevated during the ischemic period, as has been suggested by Snowdowne et al. (21) who showed that an anoxic insult increases the cytosolic ionized calcium of cultured kidney cells without changing the total cell calcium content. In any case, it is likely that the severe calcium overload, which could lead to the cell death, occurs after the reperfusion of ischemic kidney.
ATP content dropped immediately after the renal ischemia and the decrease in ATP persisted even after the reperfusion of the kidney. This decline of ATP, which can be indicative of the damage of mitochondrial respiration, might be due to the mitochondrial calcium overload resulting from the increased content of renal cytosolic calcium. The de cline of ATP might, in turn, accelerate calcium overload into the kidney cell, bringing about deteriorating consequences.
Oxygen free radicals are assumed to pro duce cellular injury by attacking membranes through peroxidation of polyunsaturated fatty acids (22, 23) . This lipid peroxidation could cause increased membrane permeability in cells, mitochondria and lysosomes. There is accumulating evidence that free radicals are involved in the pathogenesis of acute renal failures induced by the ischemia and reperfusion of kidneys (2-4). As has been re ported by Paller et al. (3) , the present results have shown that lipid peroxide significantly elevates at 15 min after the reperfusion of ischemic kidney and returned to the basal level at 60 min after the reperfusion, while it does not change during the ischemic period. This transient increase in lipid peroxide during the early period of reperfusion is likely to play a role in the pathogenesis of acute renal failures, since severe calcium overload took place from 15 min after the reperfusion when lipid peroxidation has been observed. Al though lipid peroxidation was observed in every part of the kidney presently examined, it was the most prominent in the medulla. This seems to be in accordance with the fact that the most prominent damage was ob served in the tubule by histological ex aminations.
In the present studies, benidipine prevented the increase in renal calcium content which is observed after reperfusion of the ischemic kidney. The protection of the ischemic kidney by benidipine could be attributed to this in hibition by benidipine of Ca-overload. The existence of voltage-dependent slow calcium channels in non-exitable tissues remains to be established (24) , and Gordon and Ferris (25) reported that neither verapamil nor methoxy verapamil influences the net influx or efflux of calcium in kidney tubules studied in vitro. Thus, it is still uncertain whether benidipine prevented calcium overload via the inhibition of voltage-dependent calcium channels or via the other mechanism. The higher renal content of ATP in rats treated with benidipine could be ascribed to the reduced damage of the kidney, resulting from the inhibition of Ca-overload.
One of the interesting findings in the pre sent study is the fact that benidipine prevented the lipid peroxidation observed at 15 min after the reperfusion of the ischemic kidney. It is reported that free radical scavengers such as superoxide dismutase and catalase protect the kidney subjected to ischemia and re perfusion (2-4), suggesting that the genera tion of oxygen free radicals is involved in the pathogenesis of acute renal failure induced by ischemia and reperfusion. This was also con firmed in the present result that CV-3611 tended to ameliorate the elevations in sCR and BUN in rats subjected to renal ischemia and reperfusion. Therefore, the reduced extent of lipid peroxidation of the ischemic kidney of rats treated with benidipine should, in turn, result in a reduction of kidney damage.
Paller et al. (3) reported that allopurinol, a xanthine oxidase inhibitor, protects the kidney subjected to ischemia and reperfusion. This suggests that oxygen free radicals which could lead to lipid peroxidation are, at least in part, derived from the xanthine-xanthine oxidase system. Our unpublished observation indicates that benidipine does not affect the activity of xanthine-xanthine oxidase in vitro and that benidipine, at a concentration lower than 10 fM, does not prevent lipid peroxida tion of rat brain homogenate. Taking these observations into consideration, it is unlikely that benidipine directly inhibits the generation of oxygen free radicals or inhibits the lipid peroxidation. It is reported (26) that when cytosolic calcium concentration is elevated, Ca-dependent protease converts xanthine dehydrogenase to xanthine oxidase, which could generate oxygen free radicals by using hypoxanthine as a substrate. Accordingly, the inhibition by benidipine of Ca-overload might lead to the inhibition of the conversion of xanthine dehydrogenase to xanthine oxidase and, thereby, to the prevention of lipid peroxidation.
In addition to the xanthine-xanthine-oxi dase system, mitochondria are one possible source for the generation of radicals. If the mitochondria are damaged in the ischemic state and are reoxygenated, a greater amount of oxygen would be reduced outside the electron transport chain, thereby generating more superoxide and hydroxy radicals (2) . Therefore, another plausible explanation for the result that benidipine prevented the lipid peroxidation is that benidipine reduced Ca overload which could lead to mitochondrial damage; and therefore, the leak of free radicals from the mitochondria was prevented during the reperfusion. In any case, the inhibition by benidipine of lipid peroxidation seems to be ascribed to indirect effects of the drug.
In conclusion, our present results suggest that lipid peroxidation and resultant Ca overload play important roles in the patho genesis of acute renal failures following kidney ischemia and reperfusion. It is sug gested that benidipine protects the ischemic kidney by inhibiting Ca-overload, and thereby inhibits ATP-decline and lipid peroxidation.
